Studies have indicated regime shifts in atmospheric circulation, and associated changes in extratropical storm tracks and Arctic storm activity, in particular on the North Atlantic side of the Arctic Ocean. To improve understanding of changes in Arctic sea ice mass balance, we examined the impacts of the changed storm tracks and cyclone activity on Arctic sea ice export through Fram Strait by using a high resolution global ocean-sea ice model, MITgcm-ECCO2. The model was forced by the Japanese 25-year Reanalysis (JRA-25) dataset. The results show that storm-induced strong northerly wind stress can cause simultaneous response of daily sea ice export and, in turn, exert cumulative effects on interannual variability and longterm changes of sea ice export. Further analysis indicates that storm impact on sea ice export is spatially dependent. The storms occurring southeast of Fram Strait exhibit the largest impacts. The weakened intensity of winter (in this study winter is defined as October-March and summer as April-September) storms in this region after 1994/95 could be responsible for the decrease of total winter sea ice export during the same time period.
Introduction
Fram Strait sea ice export from the central Arctic Ocean into the Greenland-Iceland-Norwegian (GIN) Sea comprises the largest portion of the total Arctic sea ice export (Serreze et al. 2006 ). On average, about 10-20% of the Arctic sea ice is transported annually through Fram Strait (e.g., Serreze et al. 2006; Kwok et al. 2009; Spreen et al. 2009 ). Changes of total Arctic sea ice volume and the mass balance of Arctic multiyear ice are greatly influenced by the changes of Fram Strait sea ice export (e.g., Kwok 2007; Lindsay et al. 2009; Polyakov et al. 2012) . With its high variability, this part of freshwater export is essential for the conditions of North Atlantic deep convection, and thus is extremely important for the entire thermohaline circulation (Hilmer et al. 1998; Koenigk et al. 2006) .
Atmospheric forcing processes, especially cyclone activity, could largely determine the variability and changes of Fram Strait sea ice export. In winter, cyclones occur frequently in south of Fram Strait, near the Icelandic low pressure area (Brümmer et al. 2001; Zhang et al. 2004; Rogers et al. 2005; Simmonds et al. 2008; Ulbrich et al. 2009 ). This region is one of the three pathways for cyclones to propagate northward into the Arctic during winter (Serreze and Barry 1988; Zhang et al. 2004) . Those cyclones play an important role with both thermodynamic and dynamic impacts in the sea ice motion through Fram Strait, especially with the drastic retreat and thinning of Arctic sea ice cover in recent years. The intensified surface wind stress during a cyclone process, which is the most significant external force to sea ice motion, could dramatically shift the local ice drift motion and consequently affect the sea ice distribution and the southward Arctic sea ice outflow through Fram Strait into the GIN Sea (Rogers et al. 2005; Spall 2007; Brümmer et al. 2008) . Intensive cyclones can also induce drastic ice decline due to the increased bottom melting by the windinduced enhanced oceanic mixing (Murray and Simmonds 1995; Inoue and Hori 2011; Zhang et al. 2013) , or by transporting warm air over the sea ice areas (Boisvert et al. 2016) . Brümmer et al. (2001) have studied the properties and variabilities of cyclones near Fram Strait by both in situ observations and long-term time series from reanalysis data. The impact of cyclone activity within this area on sea ice have also been investigated previously by observations (Brümmer et al. 2001 (Brümmer et al. , 2003 (Brümmer et al. , 2008 , atmospheric reanalysis (e.g., Rogers et al. 2005) or model simulations (e.g., Dierer et al. 2005; Zhang et al. 2013) . The impacts of cyclones on sea ice depend on the location of cyclone tracks, which mainly determines the direction of ice drift and the amount of ice convergence (Brümmer et al. 2001; Dierer et al. 2005; Tsukernik 2007; Liptak and Strong 2013) . In addition, different counts, sizes, intensities and developmental stages of cyclones also have different effects on the sea ice motion (Brümmer et al. 2001; Rogers et al. 2005; Lammert et al. 2009 ).
Interannual variations in cyclone intensity and count are closely related to the large-scale atmospheric circulations such as the Arctic Oscillation (AO) or the North Atlantic Oscillation (NAO), which is associated with changes of mean SLP over the Arctic (Serreze et al. 1997; Simmonds et al. 2008) . Since late 1990s, the Arctic has been warming more than twice as rapidly as the global average (Screen and Simmonds 2010; Cohen et al. 2014) , and the downward trends have continued in Arctic sea ice thickness and extent (e.g., Cavalieri and Parkinson 2012; Laxon et al. 2013; Lindsay and Schweiger 2015) . With these unprecedented changes, the Arctic climate is being replaced by a new climate state, which is warmer, wetter and more variable than before. The large-scale atmospheric circulation patterns in the northern hemisphere have also experienced great modifications.
A poleward shift of North Atlantic storm track in the second half of the twentieth century has been diagnosed in climate model simulations (Yin 2005; Ulbrich et al. 2009 ), and has been linked to the changes of storm activity over the northern part of the North Atlantic Ocean (McCabe et al. 2001; Lambert and Fyfe 2006) . In addition, since the mid-1990s, a radical shift of Northern Hemisphere leading atmospheric circulation from conventional tri-polar AO to a more meridional dipole-structure pattern has been reported (Zhang et al. 2008; Overland and Wang 2010) . This shift could be an integrative manifestation of poleward shift of storm tracks and intensification of Arctic storm activity (Zhang et al. 2008) . Atmospheric reanalysis datasets are commonly adopted to investigate the synoptic cyclone activity on the hemispheric scale. Hodges et al. (2011) analyzed the statistics of extratropical cyclones in the Northern and Southern Hemisphere tracked in four modern reanalyzes.
They found that these reanalyzes show a very similar spatial distribution of North Atlantic cyclones and a good one-toone cyclone correspondence over the Northern Hemisphere, which gives us confidence to study the cyclones using reanalysis data. It is expected that variability and changes of local cyclone activity may show great differences from those in the whole hemisphere, thus needs further research on it.
In this paper, we use a global high-resolution coupled ocean-sea ice model, a high-resolution atmospheric reanalysis dataset and a reliable cyclone algorithm to synthetically investigate the characteristics of cyclones near Fram Strait and their relationship with Arctic sea ice export through the strait in the context of shifting atmospheric circulation. The reanalysis data used in this study is the Japan Meteorological Agency and Central Research Institute of Electric Power Industry 25-year reanalysis (JRA-25; Onogi et al. 2007 ). The data is also the atmospheric forcing of our coupled model. It extends from 1979 to 2012, which is long enough for us to analyze the statistical features of the cyclones, and has been proved having good performance in identifying cyclones in the North Atlantic (Hodges et al. 2011 ). The paper is organized as follows: Sect. 2 briefly introduces the coupled ocean-sea ice model and the forcing data, as well as the identification and tracking algorithm of cyclones. Section 3 presents the variability and changes of cyclones near Fram Strait based on both case study and statistical analysis. Section 4 explores the cyclone impacts on sea ice motion and the resultant sea ice export through Fram Strait. The summarized conclusions and the discussion are given in Sect. 5.
Materials and methods

Model description and atmospheric forcing data
The Arctic sea ice data (including sea ice concentration, ice thickness and ice velocity) used in this study was obtained from the Massachusetts Institute of Technology general circulation model (MITgcm; Marshall et al. 1997a, b) in the state estimate configuration Estimating the Circulation and Climate of the Ocean, phase 2 (ECCO2), high-resolution global ocean and sea ice data synthesis. The ocean model is coupled with a sea ice model that simulates a viscousplastic rheology (Losch et al. 2010 ).The coupled ocean-sea ice model is run forward using optimized control parameters obtained through reducing model-data misfit by using the Green Function approach (Menemenlis et al. 2005a (Menemenlis et al. , b, 2008 . The modes ability to reproduce important Arctic Ocean water masses (such as the warm Atlantic water and cold halocline) and to describe a real distribution of Arctic sea ice cover has been demonstrated better than the other models that participated in Arctic Ocean Model
Intercomparison Project (AOMIP) (Menemenlis et al. 2008a, b; Nguyen et al. 2009 Nguyen et al. , 2011 . Detailed description (including the initialization) of this model and its application can be found in Menemenlis et al. (2008a, b) . The atmospheric forcing was provided by the JRA-25, with a spatial resolution of 1.125° × 1.125°. The model was forced by the JRA-25 atmospheric data every 6 h and was integrated for 34 years from 1979 to 2012. The long-term, high temporal resolution (6-hourly) model simulation results are particularly useful for this study, as available satellite and in-situ sea ice observations are sparse and incomplete.
Identification and tracking of cyclones
To investigate cyclone activity near Fram Strait, we applied a reliable cyclone identifying and tracking algorithm (Serreze 1995; Serreze et al. 1997 ) to the 6-hourly Sea Level Pressure (SLP) in the JRA-25 reanalysis dataset. This algorithm identifies a cyclone center by looking for points with a minimum SLP gradient greater than a given threshold with surrounding grid points. The cyclone track is defined as the trajectory of a cyclone center. The cyclone intensity is defined as the mean absolute values of the difference between the central SLP of cyclones and the climatological monthly mean SLP at corresponding grid points throughout each cyclone process. Then cyclone count and cyclone duration are used to describe different aspects of cyclone activities. This algorithm has been extensively tested and used to explore extratropical cyclones and their impacts on weather and climate (Zhang et al. 2004 (Zhang et al. , 2012 Rogers et al. 2005; Wang et al. 2006; Finnis et al. 2007; Stroeve et al. 2011) . Zhang et al. (2004) improved this method to remove troughs extended from cyclones and minimize the effects of irregular troughs or departures. More details of this algorithm and its application to investigate the variability and changes of Northern Hemisphere storm activity can be found in Zhang et al. (2004) . Using this algorithm, we archive a comprehensive description of cyclone activity, including cyclone count, intensity, duration and the location of the cyclone centers at every 6-h time step along each cyclone trajectory. In this study, we only consider the trajectory of the cyclone that lasts for a minimum duration of 12 h.
Cyclone activity near Fram Strait
A case study
In our study region (60°N-87°N, 40°W-60°E, shown in Fig. 1 ), climatological low pressure occupies the area from southwest of the Iceland extending to the Barents Sea and Kara Sea. The extent of this region is exactly consistent with the common track of most cyclone activity, i.e., from southwest to northeast. Here we focus on a typical cyclone process that occurred in February 1995. The trajectory of this cyclone is shown in Fig. 1 . The cyclone generated near the southeast of Greenland, and moved eastward into the Southern Barents Sea where it dissipated. The cyclone duration was 144 h from 0600 UTC 05 February to 0000 UTC 11 February 1995. The intensity of this cyclone, which is defined as the mean absolute value of the difference between the central SLP of the cyclone and the climatological monthly mean SLP at corresponding grid points over the cyclone duration, reached a maximum of about 47 hPa.
During the passage of this cyclone, the intensive anomalous northerly wind persisted due to the large cross-strait east-west difference of sea level pressure (SLP) (Fig. 2) . Here the anomalies of SLP/wind are the differences between 6-hourly SLP/wind and climatological mean SLP/wind in February during 1979-2012. Same as the anomalies of 6-hourly sea ice thickness/velocity in Fig. 3 . It is noteworthy that the center of this cyclone stayed for a much long time in the southeastern side of Fram Strait during this cyclone process. Consequently, sea ice drift was strikingly driven from Arctic Ocean through Fram Strait into the GIN Sea (Fig. 3) . The anomalous thicker ice within the strait, which was probably due to the convergence driven by the abnormal surface wind field, also contributed to the significant increase of sea ice export during this cyclone process.
We derived the daily Fram Strait sea ice volume export based on MITgcm-ECCO2 simulation during this cyclone track. As shown in Fig. 4a , sea ice export responses instantaneously to the cyclone-induced strong wind on synoptic time scale. Clearly the meridional ice velocity across the vertical section within the strait is highly correlated with the total sea ice export (the correlation coefficient is + 0.94, passing 99% confidence level), while the sea ice thickness and concentration along the cross-section show relatively weak correlations ( Fig. 4b-d) . The result may suggest that the variability of sea ice volume export is largely contributed by the variability of meridional ice velocity, which is consistent with the conclusion of Lindsay and Zhang (2005) . According to the scale analysis of momentum equation of sea ice motion, surface wind stress is one of the dominant driving forces on the sea ice drift (Thorndike and Colony 1982; Leppäranta 2005) . Thus, sea ice export through Fram Strait is closely dependent on the changes of cyclone-induced strong wind near the strait.
Statistical analysis
Based on the cyclone identifying and tracking algorithm of Zhang et al. (2004) , all of the cyclones occurred during 1979-2012 in the entire study region (shown in Fig. 1 ) were counted and analyzed. As shown in Fig. 5 , mean intensity of cyclones near Fram Strait is greater in winter (October-March) than in summer (April-September). In contrast, both cyclone count and cyclone duration show weak seasonal variations. There are more cyclone trajectories in May-July than in other months, while cyclones occurred in August-November show longer durations among Fig. 3a,  b) , although they focused on a different region (from 60° to 90°N). Wei et al. (2017) also investigated the seasonal and inter-annual variations of cyclone activity in the Arctic region (from 70° to 85°N) using an automatic cyclone tracking algorithm developed by University of Reading. This scheme identifies the low-pressure system based on the minimum pressure or maximum relative vorticity derived from ERA-Interim mean SLP data. The minimum cyclone track duration (12 h) in their study is the same as ours. The maximum center pressure is limited to less than 1000 hPa, while it is not specified in our study. The seasonal variation of cyclone intensity in Wei et al. (2017) is also in consistency with Fig. 5a , with much weaker cyclones occurring in summer. However, the maximum number of Arctic cyclones counted in winter (December-February) and the minimum in spring (March-May) from Wei et al. (2017) are different from our results in Fig. 5b , which may be attributed to the difference in study regions.
The climatology of spatial distribution ofcyclone activity nearFram Strait is shown in Fig. 6 . We composited the cyclone center count and cyclone center SLP into 5.0° × 5.0° grid cells. In both winter and summer, cyclones occur more frequently in southeast of Fram Strait and the southern Barents Sea (Fig. 6a, b) , while the cyclone count is slightly less in summer than in winter. The locations of maximum cyclone frequency between Norway and Svalbard are highly consistent with those in Wei et al. (2017) (see their Fig. 3b,  d ). Although based on quite different cyclone track schemes and reanalysis datasets, as well as different definitions of seasons, the two fields show broadly similar spatial patterns for both winter and summer cyclone frequency. The large local maximum in cyclone frequencies over Greenland (with high topography) is probably caused by the negative biases induced by the extrapolation of pressure to sea level, as pointed out by Zhang et al. (2004) . The distribution of cyclone center SLP is consistent with the climatological SLP distribution, with greater low pressure extending from Iceland into Arctic Ocean. As an indicator of cyclone intensity, the significant seasonal variation of cyclone center SLP implies much stronger cyclones occurring in winter than in summer within our study region.
The characteristic quantities of cyclones nearFram Strait show great interannual variations during 1979-2012, with larger variations occurring in winter, especially for the cyclone intensity. In addition, variability of total annual Arctic sea ice export through Fram Strait is dominated by the high variability of ice export in winter (figure omitted). Thus the connection betweencyclone activity and sea ice export during the winter season isthe main concern in this study. As shown in Fig. 7 , there is no obvious long-term trend in the count and intensity of cyclonesin the entire study region (shown in Fig. 1 ) during 1979-2012. The insignificant trend of cyclone count was also found by Wei et al. (2017) . However, if separated into two time periods before and after the mid-1990s, winter cyclone intensity shows a great decrease in the latter period (with the difference between the two periods passing 95% confidence level based on the twosample t test), indicating a decadal time scale variability of cyclones near the strait. Meanwhile, there is no significant difference in winter cyclone count and duration between the two periods. Previous studies have linked the variability of cyclone activity to AO/NAO. In our research area, winter cyclone intensity is highly correlated with winter (October-March) AO index during 1979-2012 (figure omitted). The significant positive correlation coefficient between them (+ 0.85, passing the 99% confidence level) indicates that the intensity of winter cyclones near Fram Strait is largely controlled by the adjustment of atmospheric circulation patterns associated with AO.
Based on the research of Zhang et al. (2008) , the atmospheric circulation pattern in the Northern Hemisphere has experienced a systematic spatial shift since the mid-1990s, transforming from the conventional tri-polar AO/NAO to an unprecedented dipolar (between the Eurasian Arctic coast and North Pacific) leading pattern, named "Arctic Rapid change Pattern" (ARP). During positive ARP years, the northerly wind over the strait is strengthened, while in negative ARP years, the reverse is the case. The recently negative-dominant phase of the new circulation leading pattern (figure omitted) seems not to favor the development of cyclone activity near Fram Strait due to changes of the associated hemispheric-scale, meridionally-transformed wind flow.
Relationship between cyclones and sea ice export through Fram Strait
In our study, the mean winter cyclone intensity in the entire study region shows a high correlation (+ 0.66, passing 99% confidence level) with winter sea ice export through the strait during 1979-2012 (Fig. 8) . The obvious reduction of the sea ice export is well coincided with the decrease of mean cyclone intensity after the mid-1990s. The spatial distribution of winter cyclone center count and cyclone center SLP were composited during high (1980/81, 1988/89, 1991/92, 1992/93, 1994/95) and low (1979/80, 1984/85, 1998/99, 2002/03) ice export winters (Fig. 9) . In south of Fram Strait, cyclone count was lower, and the SLP of cyclone centers was much higher in low ice export years than in high ice export years. Figure 9 shows that the interannual impact of cyclone activity on Fram Strait sea ice export is spatially dependent. To explore the relationship between changes of cyclone activity in different regions and changes of ice export through Fram Strait, normalized winter cyclone center count and the spatially averaged cyclone center SLP in each 5.0° × 5.0° grid cell were regressed upon the winter sea ice export anomaly. Here the cyclone center SLP anomaly is defined as the absolute value of the difference between the central SLP of each cyclone center and the climatological monthly mean SLP at corresponding grid points. Cyclone center SLP anomaly could well represent the intensity of each cyclone center, and was used to analyze the spatiallydependent cyclone impact on sea ice export. As shown in the regression maps in Fig. 10 , the key region for cyclones to influence the interannual variability of sea ice export is located in the southeast of Fram Strait (dashed box), with more frequent cyclone centers and greater cyclone center SLP anomalies occurring during higher ice export winters. Note that the negative significant regression coefficients over eastern Greenland in Fig. 10a is not physically meaningful. The cyclone count in this region is very low in winter and the pressure tends to be high (Fig. 6a, c) . Figure 11 shows a very weak increasing trend of winter cyclone center count in this key region, while the mean SLP anomalies (with the sign reversed), which could well represent the intensity of cyclone centers, have decreased strikingly after 1994/95, except for the dramatic maximum occurring in winter of 2011/12. More research work is needed to explain this maximum of cyclone center SLP anomaly, which is beyond the scope of this study. Based on the two-sample t-test, the decrease of the mean cyclone center SLP anomaly during 1995/96-2010/11 is significant at 90% confidence level (Fig. 11b) . These results indicate that although no significant trend of cyclone intensity or count is found either locally or in the whole study region (figures omitted), the cyclone intensity characterized by the cyclone center SLP anomaly does exhibit a significant decadal scale variability during 1979-2012. This decrease occurring in the mid-1990s is consistent with the results about cyclone intensity shown in Fig. 7a .
The probability density function (PDF) of winter cyclone center SLP anomalies within the key region provides another evidence of the weakening of cyclones in the key region. The PDF (Fig. 12) shows a much higher percentage of weak cyclones (with intensity lower than 20 hPa) after the mid-1990s, indicating a weakening tendency of cyclones near Fram Strait in recent years. Combined with the regression maps mentioned above, this study indicates that storm impact on sea ice export is spatially dependent, with the largest impacts occurring southeast of Fram Strait. The weakened intensity of winter storms in this region after 1994/95 could be responsible for the decrease of total winter sea ice export during the same time period.
Some studies have indicated a poleward shift of extratropical storm tracks (Zhang et al. 2004; Bengtsson et al. 2006) . Along with the changes of storm track in the Northern Hemisphere, Zhang et al. (2004) found an intensification of Arctic storm activity, particularly on the North Atlantic 
Conclusions
A high-resolution global ocean and sea-ice model MITgcm-ECCO2 has been used to explore the impacts of local cyclone activity on Fram Strait sea ice export by both case study and statistical analyses. During 1979-2012, mean intensity of cyclones near Fram Strait is much greater in winter (October-March) than in summer (April-September), while both cyclone count and cyclone duration show weak seasonal variations. Cyclone centers are mainly located to the southeast of Greenland in both seasons, with the greatest low SLP of cyclone centers located near the Iceland. The cyclone intensity in winter shows larger interannual variation than in summer during 1979-2012. In this study, no obvious long-term (1979-2012) trend of cyclone count or cyclone intensity is found near Fram Strait. However, if we separate the whole study period into two parts of 1979/80-1994/95 and 1995/96-2011/12 , the winter cyclone intensity shows a great decrease in the latter period, indicating a decadal time scale variability of the cyclone activity near the strait. Meanwhile, there is no significant difference in winter cyclone count and duration between the two periods.
Daily sea ice export simultaneously responds to the cyclone-induced strong surface wind mainly through the significantly strengthened cross-strait sea ice meridional motion during each cyclone passage. This study shows that the cumulative effects of cyclone-induced strong surface wind (on synoptic time scale) could greatly influence the interannual variability and long-term changes of total sea ice export through Fram Strait.
The impact of cyclone activity on sea ice motion and the associated sea ice export through Fram Strait is spatially dependent. Regression maps of winter cyclone count and intensity on Fram Strait sea ice export indicate that cyclones occurring southeast of Fram Strait exhibits the largest impacts on the variability of sea ice export. According to the PDF results of the averaged cyclone center SLP anomaly over the key region before and after the mid-1990s, the weakened intensity of winter cyclones in this region after 1994/95 could be responsible for the decrease of total winter sea ice export during the same period.
The great interannual and decadal variability of cyclones nearFram Strait may have close relationship with changes of Arctic climate system in recent years. Many studies have demonstrated the responses of large-scale atmospheric circulation and the associated cyclone track to the accelerated decline of Arctic sea ice cover (e.g., Inoue et al. 2012) . With the continuously changing of Arctic climate state, the atmospheric circulation pattern may be completely modified. The high correlation existing previously between cyclone behavior near Fram Strait and AO/NAO may probably not continue to hold in the future. More studies are need to investigate the possible factors responsible for the changes of cyclone track and the associated changes of Arctic sea ice motion in different regions.
